INTRODUCTION
============

While the cerebellum is principally associated with motor control and coordination, recent research has identified a broad range of neuropsychological deficits that may occur following a localized cerebellar pathology including deficits in attention, the working memory, language, visuospatial processing, planning, and abstract reasoning \[[@B1][@B2]\]. This broad range of cerebellar-damageassociated symptoms have been collectively termed 'cerebellar cognitive affective syndrome' \[[@B3]\]. Discrete regions of the cerebellum appear to mediate different neuropsychological functions, as revealed by both lesion- and functional-neuroimaging studies. These studies attribute the neuropsychological functions to the posterior region of the cerebellar cortex, while the emotional and neuropsychiatric functions are attributed to the medial region \[[@B4]\]. More specifically, the lesions of the right cerebellar hemisphere produce deficits in the verbal memory and language, whereas the lesions of the left cerebellar hemisphere lead to visuospatial processing deficits \[[@B5][@B6][@B7]\].

The exact cerebellum-function organization, however, is not easily ascertained from clinical cases involving extracerebellar pathology or mixed pathology cases including cerebellitis, tumors, and arteriovenous malformations. Although researches on patients with only focal cerebellar infarctions have been conducted, the results from these studies include inconsistent or limited results regarding the frontal executive dysfunction and its location in the cerebellum \[[@B1][@B6][@B8]\]. Thus, it is necessary to obtain an improved functional neuroanatomy mapping of the cerebellum.

The aim of this study is the examination of the neuropsychological deficits in homogenous groups of patients with the cerebellar stroke using comprehensive neuropsychological testing. First, a comparison of the neuropsychological functions between the types of stroke lesion (hemorrhagic vs. ischemic) was performed. Then, the subtest results from the cerebellar stroke patients were compared with the population averages. Finally, the results of each neuropsychological subtest were analyzed based on the presence or absence of a discrete lesion location.

MATERIALS AND METHODS
=====================

Patients
--------

All of the cerebellar stroke patients who were admitted to the Department of Rehabilitation Medicine in the National Rehabilitation Center between October 2012 and November 2016 were screened as potential candidates of the present study. The inclusion criteria are as follows: (1) cerebellar stroke confirmed via neuroimaging (brain computed tomography \[CT\] or magnetic resonance imaging \[MRI\]) and a neurological examination; (2) first-time stroke; and (3) completion of neuropsychological testing. The exclusion criteria are as follows: (1) any disorder of consciousness (vegetative state or minimally conscious state), or (2) history of a neuropsychological or neurological disorder that was diagnosed prior to the stroke. The study protocol was approved by the Institutional Review Board of the Department of Rehabilitation Medicine at the National Rehabilitation Center (IRB No. NRC-2017-03-019).

Neuropsychological evaluation
-----------------------------

The Seoul Neuropsychological Screening Battery (SNSB) or the SNSB-II was used for the neuropsychological evaluations. These batteries evaluate the five neuropsychological domains of attention, language, visuospatial functioning, memory, and frontal executive functioning. The SNSB-II includes the following subtests in addition to those of the original SNSB: Vigilance Test, Clock Drawing Test, Digit Symbol Coding (DSC) test, and Korean Trailing Making Test (K-TMT). The SNSB and SNSB-II subsets are grouped according to these major functional categories \[[@B9][@B10]\].

The SNSB and/or SNSB-II subtests yielded three different types of data as follows. First, the results with numeric continuous values were converted to z-scores. This approach was applied to the Digit Span Test (DST; forward and backward), the Rey Complex Figure Test (RCFT; copy score, copy time, immediate recall, delayed recall, and recognition), the Seoul Verbal Learning Test (SVLT; immediate recall, delayed recall, and recognition), the semantic (animal, supermarket) and phonemic (ㄱ, ㅇ, ㅅ) components of the Controlled Oral Word-Association Test (COWAT), the color reading in the Korean Color--Word Stroop Test (K-CWST), the DSC test, and the K-TMT. Second, the results with categorical variables were divided based on the percentiles (\<5th, 5th--10th, 10th--15th, and \>15th). This approach was applied to the Repetition Test, Calculation Test, Ideomotor Praxis Test, Clock Drawing Test, Contrasting Program Test, Go/No-go task, and the K-CWST word-reading component. Third, the categorical dichotomous data were categorized to be reflective of a normal or an abnormal performance. This approach was applied to a vigilance test, letter cancellation test, spontaneous speech test (fluency and contents), comprehension, reading, writing, finger naming test, right-left orientation test, body-part identification test, buccofacial praxis test, fist-edge/palm test, alternating hand-movement test, alternating square and triangle test, and the Luria loop test.

For the statistical comparisons, raw scores from 14 patients who had been evaluated using the SNSB prior to the publication of the SNSB-II were converted into novel values based on the presented criteria in the SNSB-II. Six patients below the age of 45 years were standardized to 45 years and the education criteria described in the SNSB-II \[[@B10]\].

The z-scores were standardized using the age and the educational criteria that are presented in the SNSB-II based on a large, nationwide Korean sample (1,100 people), thereby making it possible to make comparisons with the population averages. A z-score \<0 indicates a poorer performance relative to the population average, while a z-score \<−1 indicates an abnormal performance, as suggested by the SNSB-II criteria. The categorical results below the 15th percentile were also considered as indicative of an abnormal performance \[[@B10]\]. With these conversions, the whole variables were recategorized into dichotomous variables (i.e., normal or abnormal performance) for a further statistical analysis.

Stroke types and the lesion localization
----------------------------------------

Brain CT or MRI findings were reviewed for all of the patients. The type of stroke lesion (hemorrhagic or ischemic) was recorded, and the lesion location was categorized as follows: right anterior, left anterior, right posterior intermediate, left posterior intermediate, right posterior lateral, left posterior lateral, or vermis ([Fig. 1](#F1){ref-type="fig"}). In the patients whose lesions spanned more than one location due to the nature of disease progression, each lesion location was recorded as a dichotomous variable (i.e., presence or absence).

The lesion location is fundamentally based on the cerebellar anatomy, as follows: The cerebellum consists of the vermis and two large cerebellar hemispheres, which are divided into anterior and posterior lobes by the primary fissures \[[@B11]\]. The posterior lobe was further subdivided based on the presence of deep cerebellar nuclei that project to a wider variety of supratentorial regions \[[@B12]\]. The location, size, and shape of the deep cerebellar nuclei including the dentate nucleus have been described in several previous studies \[[@B13][@B14][@B15]\]. Based on the findings of these previous reports, the region from the midline to the 20-mm lateral to the posterior lobe was designated as 'posterior intermediate lobe'; the remaining lateral area of the posterior lobe was designated as 'posterior lateral lobe'.

Statistical analysis
--------------------

SPSS software ver. 21.0 (IBM, Armonk, NY, USA) was used for all of the analyses of the present study. Student t-tests and the Mann-Whitney U-test were used to compare the continuous variables. Continuous neuropsychological variables were converted to z-scores to identify the poorer performances among the cerebellar-stroke patients compared with the population averages (One-sample t-test). Chi-squared (χ^2^) tests and the Fisher exact test were used to identify the anatomical correlates of the neuropsychological deficits. These 2×2 tests were used to analyze the dichotomous results of the neuropsychological subtests based on the presence or absence of specific lesion locations. The data are expressed as the mean±standard deviation. The level of statistical significance was set at p\<0.05.

RESULTS
=======

Clinical and neuropsychological characteristics
-----------------------------------------------

Twenty-six stroke patients (11 patients with the hemorrhagic stroke and 15 patients with the ischemic stroke) of a mean age of 54.8±16.6 years were enrolled in the present study. The neuropsychological functioning was assessed over a post-stroke mean duration of 8.8±9.2 months. Fourteen patients presented with bilateral cerebellar lesions, 7 patients presented with right-side lesions, and 5 patients presented with left-side lesions. All of the patients were right-handed. The demographics and clinical findings are summarized in [Table 1](#T1){ref-type="table"}.

A comparison between the results of the patient neuropsychological subtests regarding the hemorrhagic and ischemic cerebellar strokes was performed to evaluate the potential differences in the patterns of the neuropsychological deficits between the two groups. Significant intergroup differences, however, are not evident ([Table 2](#T2){ref-type="table"}).

The mean z-scores from all of the subtests with the continuous data are \<0, indicating poorer performances in the cerebellar-stroke patients compared with the population averages. The subtest z-scores of the attention (forward DST), visuospatial functioning (RCFT copy score and time), memory (immediate- and delayed-recall values in the SVLT), and frontal executive functioning (semantic and phonemic subtests of the COWAT, K-CWST color reading, DSC test, and Trail A of the K-TMT) are \<−1, indicating an abnormal performance ([Table 3](#T3){ref-type="table"}). All of these results are statistically significant. [Table 4](#T4){ref-type="table"} shows the results of the categorical dichotomous neuropsychological subtests for all of the 26 patients.

Correlations between the cerebellar lesion location and the cognitive functioning
---------------------------------------------------------------------------------

In this study, the presence of a lesion in the right-posterior-intermediate lobe of the cerebellum is associated with poorer performances on the word-reading components of the K-CWST (p=0.04), DSC test (p=0.01), and Trail A of the K-TMT (p=0.02) that assess the frontal executive functioning. The presence of a lesion in the right posterior lateral of the cerebellum is associated with a poorer performance on the immediate-recall portion of the SVLT (p=0.04) relative to the patients without such lesions ([Table 5](#T5){ref-type="table"}). Significant associations were not observed for any of the other neuropsychological subtest scores.

DISCUSSION
==========

The present study confirms that the cerebellar stroke affects the neuropsychological functioning based on the affected anatomical site. Significant differences in the neuropsychological deficits were not observed between the patients with the hemorrhagic stroke versus those with the ischemic cerebellar stroke. The heterogeneity of the cerebellum lesion types has been noted as a limitation in many previous studies \[[@B3][@B16][@B17][@B18]\], although only a few studies have investigated the neuropsychological deficits after the cerebellar stroke in accordance with the lesion type. The results here suggest that the lesion location, rather than the type of stroke, is more important regarding the neuropsychological impairments in cerebellar stroke patients.

Neuropsychological functioning deficits following cerebellar damage have been reported in the literature. Such impairments have been noted with regard to the executive functioning (planning, set-shifting, abstract reasoning, verbal fluency, and working memory), visuospatial functioning, and language \[[@B3]\]. The results of this study are consistent with those previous findings. The z-scores that were calculated from the patient subtest results showed poorer performances compared with the population averages. In particular, the tasks evaluating the attention, visuospatial functioning, memory, and frontal executive functioning indicated statistically significant abnormal performances.

It is thought that a network of reciprocal cerebrocerebellar connections comprising both afferent (corticopontine and pontocerebellar) and efferent (cerebellothalamic and thalamocortical) tracts mediates the cerebellar neuropsychological functioning \[[@B5][@B12]\]. Thus, neuropsychological deficits that are secondary to cerebellar damage may be the consequence of a disruption of these connections between the cerebellar and the cerebrum \[[@B3][@B19][@B20]\], and this mechanism may explain the different neuropsychological deficits that are indicated by the authors\' results. Abnormal performances in the attention, memory (i.e., for ongoing events), and frontal executive tasks may be associated with the disruption of the connections between the cerebellum and the prefrontal and premotor areas of the frontal lobes \[[@B1]\]. An abnormal visuospatial function performance may be associated with the disruption of the connections between the cerebellum and the posterior parietal, temporal, or occipital areas of the brain \[[@B1]\]. Previous studies have also suggested that the dissociation of the frontocortical and frontosubcortical connections---including the parallel circuits that pass through the basal ganglia and the cerebellum---contributes to neuropsychological deficits. The dissociation of the connections with the dorsolateral and inferior prefrontal cortices results in the dysregulation of the attention and the cognitive/inhibitory control, while the connective dissociation regarding the orbital and ventromedial structures results in mood and motivational impairments \[[@B21][@B22]\].

It suggested that the cognitive impairment in patients with an isolated cerebellar infarct is dependent on the infarct location \[[@B1]\]. Consistent with this idea, it was found in the present study that the patients with lesions in the right posterior intermediate lobe of the cerebellum---which contains the deep cerebellar nuclei, including the dentate nuclei---more frequently showed abnormal performances on the executive-function neuropsychological subtests than the patients without such lesions. Executive dysfunction has been proposed as the core symptom of a cerebellar lesion \[[@B3][@B8]\]. Functional neuroimaging investigations have demonstrated that a variety of cognitive tasks such as articulatory and phonological processing tasks and the pegboard-puzzle task are associated with metabolic increases, mainly in the cortex of the lower lateral areas and the central parts of the dentate nuclei of the cerebellum \[[@B23][@B24][@B25][@B26]\]. Other studies have suggested that the dentate nuclei are associated with neuropsychological processes, particularly the executive functioning \[[@B27]\]. The finding that dentate activation is associated with the activation of the thalamic, striatal, and dorsolateral prefrontal regions also supports the results of this study \[[@B28]\]. Other studies also support the laterality of this effect; that is, damage to the right cerebellar hemisphere produced more pronounced working memory deficits than the damage of the left hemisphere \[[@B16][@B29]\]. Functional MRI and lesion studies have also demonstrated that the working memory and the sequencing that are dependent on the executive processing are associated with the right cerebellar hemisphere \[[@B17][@B30][@B31]\]. Therefore, the right posterior intermediate lobe of the cerebellum is thought to play a role in executive function.

In the present study, the authors also observed that the patients with the lesions of the right posterior lateral lobe of the cerebellum more frequently exhibited an impaired immediate recall on the SVLT that reflects the holding capacity of the working and verbal memories \[[@B32]\]. This finding is consistent with those of previous studies, thereby demonstrating that the damaging of the right cerebellar hemisphere produces deficits in the working and verbal memories \[[@B4]\].

The present study, however, is affected by a number of noteworthy limitations. First, the approach that was utilized for the lesion localization is somewhat arbitrary. The blood vessel territory in the cerebellum, however, is less appropriate for the lesion localization, as the relative irrigated sizes and territories are not constant, and anastomoses may occur between the terminal branches \[[@B33][@B34]\]; furthermore, a lesion localization that is based on the known cerebellar lobules (lobules I to X) \[[@B35]\] is suboptimal for the capturing of CT images \[[@B33]\]. For these reasons, a subdivision of the cerebellum based on the functional neuroimaging results was performed, thereby demonstrating a wider variety of projections from the deep cerebellar nuclei to the supratentorial regions \[[@B12]\].

The findings of the present paper fail to demonstrate the relationships between the other lesion locations in the cerebellum and specific neuropsychological deficits. The reason for this might be related to the small sample size and the presence of mixed lesions in a majority of the patients. Furthermore, the statistical framework (χ^2^ test and the Fisher exact test) that was used in the present study for the detection of significant neuropsychological deficits cannot achieve a satisfactory statistical power due to the limited assessment of the differential spatial distributions \[[@B36]\]. However, as the locations of the brain damage are not randomly distributed throughout the brain due to the nature of causative disease processes \[[@B37]\], the lesion coverage is inevitably heterogeneous \[[@B36]\]. In addition, it was difficult to perform a voxel-wise analysis in the present study, as the lesion images were obtained via both MRI and CT. For these reasons, the inferential statistics that were used to identify the anatomical correlates of the neuropsychological deficits are the statistical framework in the effective coverage maps, which were defined based on the possible detection of specific deficits (i.e., maps of the maximal lesion-deficit relationships) \[[@B36]\].

Previous studies have indicated that the cerebellum exhibits an ability to recover from pathological insults, with favorable post-lesion neurological and functional outcomes noted at 12 months \[[@B38][@B39]\]. Considering this recovery pattern, the great variability of the duration from the stroke onset to the assessment of the neuropsychological functioning (8.8±9.2 months) represents another relevant limitation. Further studies are required to more accurately delineate the neuropsychological function domains in the cerebellum.

Nevertheless, to the best of the authors\' knowledge, the present study is the first to demonstrate that the presence of stroke lesions in the right-posterior-intermediate lobe of the cerebellum---containing the deep cerebellar nuclei---likely results in executive function impairments. The authors\' findings also suggest that the location of the stroke lesions is correlated more to the specific types of neuropsychological deficit than the stroke pathology (hemorrhagic vs. ischemic). Moreover, the present study is the first to utilize a Korean language neuropsychological screening battery for the identification of the cerebellar neuropsychological characteristics.

In conclusion, it is suggested that the neuropsychological deficits in patients with the cerebellar stroke may differ depending on the location of the discrete lesions. Thus, these patients should undergo careful monitoring for specific neuropsychological deficits during the rehabilitation process in order to facilitate the management and the recovery of the deficits.
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###### Demographics and clinical findings of the subjects (n=26)
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Values are presented as mean±standard deviation or number.

K-MMSE, Korean version of Mini-Mental Status Examination.

###### Comparison of neuropsychological subtests according to the type of stroke lesion after the cerebellar stroke
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Values are presented as the mean±standard deviation (z-score) or the percentage of patients with an abnormal performance.

^a)^p-value by the Student t-test or the Mann-Whitney U-test for the numeric neuropsychological subtests, or the χ^2^ test or the Fisher exact test for the categorical dichotomous neuropsychological subtests.

###### Z-scores of numeric neuropsychological subtests in patients with the cerebellar stroke (n=26)
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The z-score is a standardized score of each parameter with an age and an educational level that matches those of the general population in Korea.

^a)^A z-score \<0 indicates a poorer performance compared with the population average.

^b)^A z-score \<−1 indicates an abnormal performance based on the Seoul Neuropsychological Screening Battery (SNSB-II) criteria.

^\*^p\<0.05 by the one-sample t-test.

###### Proportion of patients with an abnormal performance on the categorical dichotomous neuropsychological subtests in patients with the cerebellar stroke (n=26)
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###### Proportion of patients with an abnormal performance on the neuropsychological subtests evaluating the executive functions in patients with the cerebellar stroke
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^\*^p\<0.05 by the χ^2^ test or the Fisher exact test (comparisons of the normal vs. abnormal performances between patients according to the presence of specific cerebellar lesions).
